A novel inhibitor of cysteine proteinases has been isolated from fruit bodies of a mushroom Clitocybe nebularis. The inhibitor was purified to homogeneity by affinity chromatography and gel filtration, followed by reverse-phase HPLC. The active inhibitor has an apparent molecular mass of about 34 kDa by gel filtration and by SDS-PAGE without prior boiling of the sample. Boiling in 2.5 % SDS or incubation in 6M GdmHCl resulted in a single band of 17 kDa, indicating homodimer composition with no intersubunit disulphide bonds. The inhibitor in nondenaturing buffer is resistant to boiling in water, retaining its activity and dimer composition. The mushroom protein is a tight-binding inhibitor of papain cloning. The monomer sequence is clearly devoid of typical cystatin structure elements, and has no similarity to any other known cysteine proteinase inhibitors, but bears some similarity to a lectin-like family of proteins from mushrooms. The inhibitor, which is present in at least two other members of Clitocybe genus, has been named clitocypin (Clitocybe cysteine proteinase inhibitor).
INTRODUCTION
Cysteine proteinases are involved in a diverse array of functions involving specific processing or more general degradation of proteins in a wide variety of organisms, including viruses, fungi, plants and animals. Their activity is regulated by limited proteolysis of inactive precursors (1, 2) , by pH and redox potential of the surroundings, and tight binding with proteinaceous inhibitors (3) .
Five structurally different groups of protein cysteine proteinase inhibitors have been reported: cystatins (4), thyroglobulin type-1 domain inhibitors or thyropins (5), soybean trypsin inhibitor-like inhibitors of cysteine proteinases from potato (6) , pineapple inhibitors of cysteine proteinases (7, 8) and very recently, inhibitors of cysteine proteinases homologous to propeptide regions of cysteine proteinases (9) . So far only the mechanism of interaction of the cystatin superfamily of inhibitors has been elucidated (10, 11) , followed recently by that of thyropins (12), but overall there is very little information available on all other cysteine proteinase inhibitors concerning specificity, kinetics and mode of binding.
Since cysteine proteinases in mammals have been implicated also in many pathological events, such as tumor invasion and metastasising cancer (13) , bone resorbtion (14) , periodontitis (15) and rheumatoid arthritis (16) , there is a need for new specific, efficient and accessible inhibitors of the enzymes responsible for diagnosis and treatment of these conditions. Fungi (Mycophyta) have been used for religious, medical, and other purposes since ancient times. To our knowledge no protein cysteine proteinase inhibitors 6 purpose of amino acid composition and sequence analysis the inhibitor was additionally purified on a reverse-phase HPLC (Milton Roy LCD, UK) on a Vydac C8 column (Alltech 4.6 x 250 mm), using a gradient of 0-80 % (v/v) acetonitrile in water containing 0.1 % (v/v) of trifluoroacetic acid, over 25 min.
Isolation of RNA, RT-PCR and sequencing of the cDNA clone  Total RNA was isolated from the fungal material stored at -70°C according to the method of Puissant and Houdebine (22) . The quality of the RNA was checked by electrophoresis in a formaldehyde/formamide system (23) followed by the downward alkaline transfer procedure of Chomczynski (24) . The RNA was transferred to Hybond-N nylon membranes and dyed with 0.04 % methylene blue. Degenerate primers were constructed with a linker restriction site on the 5' end. Forward primer CnF (5'GCGAATTCCCIGGIGTIGGIGGIGARTAYGC) was constructed from the Pro was calculated from the amino acid sequence (25) .
Clitocypin was assayed for potential glycosylation with incubation with Nglycosidase F (Boehringer Mannheim), according to the manufacturer′s instructions. The reaction was incubated overnight at 37°C and the products followed by SDS-PAGE. The inhibitor was also tested with a phenol-sulfuric acid assay for hexoses and pentoses as described (26). Isoelectric focusing  Samples were run on a Pharmacia Phast System using commercial precast pH 3-9 gradient gels following instructions provided. pI values were determined using the Pharmacia broad-pI calibration kit (pI range 3.65 -9.30)
SDS-PAGE
Electrospray-Ionisation Mass Spectrometry  HPLC purified protein was dissolved in water/methanol 1 : 1 (v/v) solution containing 1 % acetic acid and analysed on a high resolution magnetic sector Autopsied Q mass spectrometer (Micromass, Manchester, UK).
The protein sample was introduced at a flow rate of 10 µmol/min using a syringe pump.
Spectra were obtained by scanning from mass/charge ratio of 2000 to 400 at 10 s/scan.
Sodium iodide ions were used for calibration. Each molecular species produced a series of multiply charged protonated ions from which the molecular mass was determined by simple calculation. for cathepsin B (37) and 15 µM for bromelain (38) .
Protein Sequence Analysis

Testing the inhibitory activity against other classes of enzymes -Trypsin activity
was measured using the synthetic substrate benzoyl-arginyl-p-nitroanilide as described by Erlanger (39). Pepsin was assayed using fluorogenic biopodyl-labeled casein as described in (40) . Clitocypin inhibitory activity was determined by titrating 2 µg of trypsin or 0.1 µg of pepsin with increasing amounts of clitocypin.
Assay of hemagglutinating activity -Human (phenotypes A, B, 0) and rabbit red blood cells were extensively washed and suspended in buffered saline. 50 µl samples of crude
RESULTS
Purification of 34 kDa Inhibitory Protein  The purification scheme required for purification of clitocypin was rather straightforward. Affinity chromatography proved to be an efficient first step as it specifically removed other non-inhibitory proteins, so that after gel filtration the inhibitor was practically homogeneous (Fig. 1, 3) . In a typical preparation we obtained 2 mg of purified inhibitor from 100 g of fresh mushrooms. A primer pair designed to span from the previously determined N-terminus to the apparent C-terminus was used for the RT-PCR amplification of mRNA isolated from Clitocybe nebularis fruit bodies. A product of approximately 400 base pairs termed Cn c1 was isolated, subcloned and sequenced (Fig. 5B) . Analysis of the deduced amino acid sequence and comparison with the directly determined protein sequence showed 95 % identity (Fig. 5A ). All 7 amino acid residues that differ between the cDNA derived and protein sequences are located in the C-terminal region of the protein. Higher levels of similarity were found in the N-terminal regions of the molecules as shown in Fig. 5A . Finally, when applying SAMBA computation of alignments, clitocypin was found to share considerable sequence similarity (35% amino acid identity) with 37 amino acids in Cterminal region of Rhesus macaque cystatin C precursor protein (Swiss-Prot accession no.
Amino Acid Sequence Comparison
O19092) (42). In other parts of the sequences the relatedness is not apparent. No cystatin C consensus sequences are observed in clitocypin.
Kinetics of inhibition  Titration, together with the determination of the concentration of the inhibitor, led to a value of 0.89 mol of clitocypin dimer needed to abolish enzymatic activity of 1 mol papain (active concentration).
The pseudo-first-order rate constant, k, for binding of clitocypin to papain and cathepsin L increased linearly with inhibitor concentration. The association, (k ass ), and dissociation, (k diss ) , rate constants and equilibrium constants (K i ) are presented in Table I .
Both k ass and k diss are 2-and 3-fold lower, respectively, for cathepsin L than for papain, thus resulting in similar equilibrium constants (K i ) for these two enzymes. K i for the inhibition of cathepsin B and bromelain are substantially higher, in the µM range. Under the same conditions no inhibition of cathepsin H was observed, even at 100-fold excess of the inhibitor.
The ability of clitocypin to inhibit serine and aspartic proteinases was tested by titration with trypsin and pepsin. No inhibition was observed in either case.
Titration assays showed that among the red blood cells tested only human erythrocytes of type B were weakly and rabbit erythrocytes strongly agglutinated by
Clitocybe nebularis raw extract. Purified clitocypin in final concentrations up to 50 µg/ml had no effect under the same conditions. Our data base search disclosed no highly related proteins, just a few limited sequence similarities. A relatively high value of identity was found (using only one search engine)
between short regions of residues in the C-terminal region of a cystatin C precursor protein from monkey (but not, apparently, other species) and the N-terminal region of clitocypin.
Together with the absence of any structurally or functionally significant sequence similarities, this similarity cannot be considered as significant. The local similarity observed for the mycobacterial tail protein is, on the same grounds, not significant.
None of the three critical elements involved in the inhibitory mechanism characteristic for the cystatin superfamily of CPIs was identified in clitocypin sequence.
These are the N-terminally conserved Gly-9 residue, the central Gln-Xaa-Val-Xaa-Gly motif (first hairpin loop) and the C-terminally located Pro-Trp element (second hairpin loop), all forming the wedge-shaped hydrophobic edge which inserts into the active-site cleft of the proteinase (10, 11) . It is possible that the inhibitory edge of cystatins could be reproduced by other structural elements as a result of convergent evolution similar to that recently shown for thyropins (12).
In the search for related proteins, the significance threshold of about 26 % identity was however reached with a lectin-like protein from a lectin deficient strain of Pleurotus cornucopiae mushroom. The physiological function of this protein in mushroom is not known. Structurally, it appears to be related to a lectin family of proteins with agglutination activity that have been extensively characterised in several basidiomycete and parasitic deuteromycete fungi such as Ganoderma lucidium (44, 45) , Agaricus bisporus (46) and Arthrobotrys oligospora (47) where they presumably play a role in fungal growth, morphogenesis and mycorrhization (48) . In contrast to the alignment with cystatin C precursor, the level of identity applies over the entire primary structures. In addition, there are some additional common structural traits between this lectin-like group of proteins and clitocypin that appear to be meaningful: the lack of cysteine and methionine residues, closely similar acidic isoelectric points, similar molecular masses and almost exclusively homodimeric structure under nondenaturing conditions. An early report (49) amino acids to that reported here for clitocypin. As expected therefore, our experiments showed that Clitocybe nebularis juice contains lectin activity agglutinating rabbit and human type B, but not A and O, erythrocytes. In contrast, purified clitocypin showed no activity against these red blood cells. At this stage the conclusion that the inhibitor is not a lectin is premature, since the existence of highly specific and also nonagglutinating lectins in fungi has been demonstrated (48) . Evidently, a group of structurally related proteins is present in fungi, some lectin related but with yet unknown functions, others as inhibitors of cysteine proteinases described in this paper, and most of them as lectins with differing specificities.
Although tentative until homology has been confirmed by 3-D structure determination, it is our proposal that the members of this structurally related family that are, like clitocypin, inhibitors, should be classed as belonging to a new superfamily of inhibitors of cysteine proteinases, named mycocypins. In this context, biochemical and genetic studies of mushroom inhibitors are in progress.
The observed differences between the protein and nucleotide derived sequence could point to the presence of several homologous clitocypin encoding genes, the apparent absence of fragments encoding homologous proteins in the protein sequence determination reflecting difference in the levels of expressed proteins at the different developmental or environmental conditions.
The physiological target of clitocypin in Clitocybe nebularis is not known. The inhibitor is expressed at very high levels, characteristic of proteins with roles that are more structural, as opposed to signalling, catalysis or control. In relation to the control, although no cysteine proteinase activity has been detected in mushroom juice, it may well be localised in separate discrete structures, or masked with excess inhibitor. Besides an endogenous physiological role, the other possible function may be protection of the mushroom from pathogen infection or predation by insects, as shown for several plants (50) .
In conclusion, we have isolated a novel proteinase inhibitor designated clitocypin, and characterised its activity and primary and oligomeric structure. The present study clearly establishes clitocypin as a new and potent inhibitor that shares no structural or functional features with previously known cysteine proteinase inhibitors, but instead appears to be related to a group of fungal lectins. Further studies are needed to establish the precise physiological functions of this new inhibitor in mushrooms. Finally, the discovery of clitocypin should broaden the spectrum of specific cysteine proteinase inhibitors available for potential use in human and veterinary medicine, and in agricultural crop protection to fight the remarkable adaptation of insects to plant endogenous inhibitors (51) . 
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